Abstract-Magnetic field and temperature dependencies of the critical current density, ( ) were measured by SQUIDmagnetometry, ac magnetic susceptibility, and dc transport current techniques in the single-crystalline epitaxially-grown by offaxis dc magnetron sputtering YBa 2 Cu 3 O 7 (YBCO) films with ( 77 K) 2 10 6 A/cm 2 . The mechanism of vortex depinning from growth-induced linear defects, i.e., out-of-plane edge dislocations in low-angle tilt domain boundaries, is shown to describe quantitatively measured (
I. INTRODUCTION

E
PITAXIALLY-GROWN
-axis-oriented single-crystalline YBa Cu O (YBCO) films exhibit critical current densities, , two orders of magnitude higher than any kind of bulk samples [1] - [4] . The reason is supposed to be a high density of extended natural linear crystal defects. It is shown that two alternative mechanisms [4] of -limitation can occur in YBCO films with the highest critical current density, K A/cm . They are the depairing/ transparency mechanism and the depinning mechanism. Which one of these mechanisms would be realized, depends on the values of and : the lower defines the acting mechanism [4] . and are in turn determined by the film mosaic domain structure. It is known from HREM data [5] that a multitude of natural linear defects (dislocations) is formed in the single-crystalline epitaxially-grown YBCO films. tiny mosaic domains, turned out to be the most important. The domains are usually 20-160 nm in size and misoriented by about 1 . The mean 2D in-plane density of such dislocation in the film is 10 cm [5] . LAB's appear to be more or less ordered equidistant rows of parallel dislocations. The dislocations have nonsuperconducting cores surrounded by the stress-strain field area, where is locally suppressed. The core diameter is 5-7 interatomic distances in the -plane, i.e., 2.0-2.5 nm. For the single out-of-plane dislocation at 77 K the local area with suppressed is about 8 10 cm [6] . Such rows of normal "holes" in the superconducting matrix form a kind of "fence" network. Normal areas around each of the dislocation lines are potential wells for vortices, when the magnetic field is applied parallel to the LAB's. Dislocation cores provide an extremely strong pinning force resulting in A/cm . On the other hand, spaces between the dislocations, surrounded by areas with suppressed , are still transparent for the supercurrent flow across LAB's ( Fig. 1) . The maximum supercurrent density limited by transparency is the effective depairing current density provided that vortices are pinned strongly enough to prevent any depinning. Variations of linear defects density and of their spatial distribution must result in a particular -limitation mechanism as well as in changes. Transport current measurements of angular dependencies show two peaks as the field vector is rotated with respect to current flow direction in the -plane [7] . Two -maxima correspond to and , the relative height of the maxima changing with temperature, applied field, electrical field 1051-8223/03$17.00 © 2003 IEEE criterion (i.e., velocity of driven vortex ensemble), as well as with deposition conditions. Out-of-plane edge dislocations are shown to play a crucial role in -behavior [6] . Peculiarities of are found in the low field range [4] .
is shown to have a plateau at , and to be approximated well at by the law , where the characteristic field is proportional to reduced temperature . A sharp crossover between plateau and parts in the -curve [4] is supposed to prove out the existence of transparency-controlled -limitation in the low-field region. In this paper a model is developed for a consistent quantitative description of the behavior in YBCO films with A/cm . The model should take into account the statistical distribution of the ordered dislocation domain LAB's network as well as the interdislocation spacing within a boundary. The real linear defects structure in YBCO film, known from electron microscopic studies, turns out to be extracted from measured curves by a proper fitting procedure.
II. EXPERIMENTAL PROCEDURE
A. Samples
YBCO films were deposited onto r-cut optically polished sapphire wafers 51 mm in diameter. A CeO buffer layer 25-30 nm thick was deposited by on-axis RF magnetron sputtering. Then the YBCO film was deposited by off-axis dc magnetron sputtering with a use of the rotating substrate holder. The substrate temperature was about 875 C and 750 C during CeO and YBCO deposition, respectively. YBCO film thickness was about 300 nm, K, K, K A/cm measured by ac magnetic susceptibility and calculated using the Clem-Sanchez formulae [9] . The structure of the samples was controlled by X-ray diffraction ((00 l)-reflections were checked, the half-width of (005) reflection is 0.22 ).
B. Critical Current Measurements
The magnetization as a function of temperature and applied magnetic field was measured using a Quantum Design MPMS SQUID within the field range of T and temperature range of K K. The critical current was derived from the width of magnetization loops ( and are descending and ascending branches, respectively), using the following critical state model formula , where and are sample length and width, respectively.
The field dependencies of critical currents measured by SQUID at different temperatures from 5 to 80 K are shown in Fig. 2 . It is clearly seen that the plateau regions extend to 0.02-0.10 T depending on the temperature.
Transport current -measurements were performed with the thin film 0.25 mm width bridge manufactured by conventional photolithography and using four-probe technique with the electric field criterion V/cm. The data obtained at 77 K coincide with the SQUID measurements within one order of magnitude. 
III. MODEL OF LIMITATION BY VORTEX DEPINNING FROM LINEAR PINS
The model developed in [10] for the -limitation by vortex depinning from linear pins is based on the following simplifying assumptions: 1) The only effective pins in the film are out-ofplane edge dislocations within LAB's, which form quasiperiodical chains surrounding a multitude of mosaic domains slightly misoriented to each other. 2) Magnetic induction , where is 2D density of vortices in the film and is the flux quantum, coincides with the external magnetic field applied parallel to the -axis and to the linear pins direction, since the demagnetization factor is practically equal to unity. 3) The following sequence of inequalities holds for the main parameters of the model (Fig. 1) : (1) where is the radius of nonsuperconducting dislocation core, is the coherence length, is the interdislocation spacing within the LAB, is the mean domain cross-size, is the period of undisturbed vortex line lattice (VLL), and is the penetration depth. The critical current in this model is determined from the condition of collective depinning of disturbed VLL from an ensemble of edge dislocations in the LAB's surrounding the domains: (2) where is the fraction of vortices pinned at dislocation cores in the absence of current, is the Lorentz force acting on an individual vortex (3) and is the maximal individual pinning force. For the case of small insulating cores (see condition (1)) it can be written in the form [11] : (4) where . The substitution of (3) and (4) into (2) leads to the expression (5) where . To obtain the accommodation function (5) one must take into account the distortion effect of the linear pin ensemble on the equilibrium VLL. A vortex is assumed to be pinned, if the pinning energy exceeds the elastic energy increase due to 2D shear displacement of the vortex from its regular position in the VLL site to the nearest pinning center. So, the critical distance for a vortex to be pinned can be found from the condition , where is the elastic shear modulus of VLL [12] . Assuming a core-pinning on dislocations with small insulating cores one can find:
. We assume further that the film area is completely filled with rectangular domains with an independent random distribution of dimensions and , which is described by the product of probability density functions and The probability density for a site of regular VLL to fall within a domain with dimensions and is . The probability that this site will be closer than a distance to the LAB would be equal to the ratio of the area of a strip of width near the boundaries of the grain to the area of the whole grain:
The model can be improved for the higher field region explicitly taking into account LAB's discreteness (distance between dislocations). This will reduce the trapping area for vortices by a geometrical factor : for for
Finally, we obtain the following expression for the fraction of pinned vortices: In particular, for the statistical -distribution [4] 
the following expression is obtained:
where , , is the width (dispersion) of the distribution function, and are complete and noncomplete gamma-functions.
IV. DISCUSSION
As it follows from the model, the dependencies of the critical current normalized by the plateau value depend on the magnetic field and temperature only through the parameter of vortex trapping by dislocations . This means that -dependencies upon some function of must be invariant. In particular, log-linear plots of normalized versus for different fixed temperatures must coincide. It is seen (Fig. 3) that this is the case with good precision.
is introduced for convenience from the condition . Taking into account the definition of , one can find . The experimental data have been fitted by (10) with , and chosen as independent fitting parameters. For the maximal temperature of 60 K and highest fields a slight deflection from the universal fit can be due to an influence of thermal flux creep [11] , which was not taken into account. The creep contribution increases with temperature and decreases with critical current.
The parameter found from the fit corresponds to a rather narrow distribution of domain size (Fig. 4) . The parameter taken in the inflection point [10] was estimated to be 0.25, that is higher for the investigated film than it was in [10] . The mean domain size can be estimated from the value of Oe. As- suming , is estimated to be 280 nm and through the third fitting parameter nm. Using Frank's relationship, the estimated misorientation angle . This extremely low value explains the absence of visual crossover to the LAB transparency mechanism of -limitation [4] at low magnetic fields observed for the pulse-laser deposited film investigated earlier [10] .
V. CONCLUSION
were measured by SQUID-magnetometry, ac magnetic susceptibility, and dc transport current techniques in the single-crystalline epitaxially-grown YBCO films with A/cm . Vortex depinning from growth-induced linear defects, i.e., out-of-plane edge dislocations in low-angle tilt domain boundaries, is shown to describe the quantitatively measured . The developed model taking into account a statistical distribution of the dislocation domain boundaries ordered in a network, as well as the interdislocation spacing within boundaries, allows us to obtain the domain structure parameters by a fitting procedure.
